A bioluminescent technique is described for the regional quantitative determination of brain glucose. A close linear interrelationship was obtained between the optical density of the bioluminescent images and the glu cose content in tissue samples. The regression coeffi cients of this correlation permit the quantification of glu-
Glucose is the most important substrate for the production of high-energy phosphates in the brain and therefore has to be supplied continuously from the blood to cover the energy demands for the main tenance of structural and functional integrity. The tissue glucose may change considerably under such different pathophysiological conditions as ischemia (Lowry et al., 1964) , seizures (Folbergrova et al., 1981) , hypoglycemia (Agardh et ai., 1978; Mc Candless, 1981; Ratcheson et ai., 1981) , and spreading depression (Kravinek, 1961; Gjedde et al., 1981; Mies and Paschen, 1984) because either glucose availability or the rate of glucose utilization or both may change. Hence, determination of the regional cerebral glucose distribution is of great im portance in the understanding of pathophysiological processes.
Brain glucose content is usually determined in tissue samples after acid extraction. Under condi tions of inhomogeneous glucose distribution, how ever, it is not possible to differentiate precisely be-cose bioluminescent pictures using an image-processing system. Regional distribution of glucose was correlated to regional tissue pH under both physiological and patho physiological conditions. Key Words: Brain pH-Cere bral ischemia-Glucose bioluminescence-Rats.
tween regions with high and low tissue glucose con tent. Consequently, erroneous conclusions may be drawn regarding the regional distribution of glu cose. To overcome this problem, two different tech niques for mapping the glucose content have been described recently, namely, an autoradiographic method (Gjedde and Diemer, 1983) , which uses a kinetic approach, and a bioluminescent technique (Paschen et ai., 1981) . These techniques provide im ages of glucose content on intact brain sections that can be correlated precisely with the morphological alterations. The bioluminescent approach has been successfully applied to a variety of pathological pro cesses such as infarcts (Paschen et aI., 1981 (Paschen et aI., , 1983a , brain tumors (Paschen et ai., 1982) , and spreading depression (Mies and Paschen, 1984) .
However, since the images were only semiquanti tative, the method was further developed to obtain quantitative results. In the present study, quantifi cation of glucose bioluminescence was validated under experimental conditions associated with large variations of tissue content, i.e., in normal and isch emic rats.
METHODS AND RESULTS
Animals were anesthetized with halothane, immobi lized, and mechanically ventilated. One control rat was frozen in situ with liquid nitrogen using the funnel freezing technique described by Pontcn et al. (1973) . In four other rats, short-term complete global cerebral isch emia was produced by infusing KCl, which led to cardiac arrest. At 0, 10, 20, or 40 s after cardiac arrest, brains were frozen by completely immersing the animals in liquid nitrogen. Thereafter, brains were removed in a low temperature cabinet at -25°C. Twenty-micron coronal sections were prepared at -20°C in a cryostat. Adjacent sections were used for the regional quantitative deter mination of tissue pH and glucose content as described below. Subsequently, using conventional tluorometric techniques (Lowry and Passonneau, 1972) , glucose was measured in brain samples (of �20 mg) taken from the remaining tissue block samples corresponding to regions of different bioluminescent intensity.
Regional tissue pH was imaged using the umbelliferone technique (Csiba et aI. , 1983) . In brief. 20-j-.Lm sections were layered on umbelliferone-soaked cellulose-acetate filter strips at -20°C. Sections were warmed to O°C in an ice bath, and subsequently illuminated with ultraviolet light at 340 and 370 nm. The resulting fluorescence was recorded photographically and the pH images evaluated quantitatively as described in detail elsewhere (Csiba et aI., 1983) .
The principle of the bioluminescent technique for the evaluation of regional glucose content has also been de scribed previously (Paschen et aI. , 1981 (Paschen et aI. , . 1983b ). In short, glucose is linked enzymatically to NADPH production by hexokinase and glucose-6-phosphate dehydrogenase. NADPH in turn is coupled to the bioluminescence system of Vibrio fischeri (a marine bacteria), which contains the enzymes NAD(P)H:FMN-oxidoreductase and luciferase. The enzyme reagent block is then frozen and stored at -80°C. The bioluminescent reaction was induced by freeze drying 20-j-.Lm brain sections at -25°C for 1 h, cov ering with 60-j-.Lm sections of the frozen reagent solution, and warming to room temperature. Glucose-induced bio luminescence was recorded for 4. 5 min on Agfapan Professional 25 or 100 ASA photographic film (since the sensitivity of the film required varies according to the enzymic activity, it has to be determined for every single enzyme block).
Quantification of glucose bioluminescent images was performed as follows: Films were scanned with a rotating microdensitometer (Scandig 3, resolution 100 j-.Lm; Joyce Loebl, Gateshead, U. K.), and the mean optical density was determined in those areas from which tissue samples were taken for the enzymic determination of glucose. As illustrated in Fig. 1 , a close linear correlation was ob tained between bioluminescence and the enzymically de termined glucose content for a wide range of glucose con tent. The regression coefficients therefore determine the relationship between regional glucose content and inten sity of bioluminescence for the enzyme block. This re lationship then permits the quantification of glucose bio luminescent pictures using a densitometer, a laboratory computer Digital Equipment, Maynard, MA, U. S. A.) , and an image-processing system (type ID 2200; DeAnza System, Santa Clara, CA, U. S. A. ) in a manner similar to that for autoradiography (Hossmann et aI. , 1985) . A regional map of glucose content can then be produced. The enzyme reagent block after calibration can be used for tissue slices from different animals.
Examples of quantitative bioluminescence pictures are provided in Fig. 2 and Ta ble 1. In a normal brain, after in situ freezing with liquid nitrogen, only minor regional differences were apparent, ranging from 3. 4 j-.Lmol glu cose/g in the hippocampus to 4. 0 j-.Lmollg in the cortex (Fig. 2a ). In Fig. 2c , 20 s after cardiac arrest, a gradual decline of glucose content from 2. 7 j-.Lmollg in the cortex to 0. 9 j-.Lmol/g in the hypothalamus was evident. This ob viously reflected the time lag in freezing the basal parts of the brain. Glucose bioluminescent images thus prove to be highly sensitive indicators of artifacts resulting from inadequate freezing of the brain. Figure 2b and d illus trates the regional distribution of tissue pH on sections taken from the same brains as shown in Fig. 2a and c, respectively. There is a clear correlation between the de crease in glucose content and the decrease in tissue pH after cardiac arrest ( Fig. 2c and d) . In contrast, the con trol animal exhibited no major regional differences in ei ther tissue pH or glucose content ( Fig. 2a and b ).
CONCLUSION
We conclude that the present technique provides a reliable quantitative regional determination of brain glucose in intact tissue sections. The method is simple, sensitive, and reproducible; and, with the Quantitative pictorial presentation of glucose content (left) and tissue pH (right) in a normal rat brain frozen in situ (above) and 20 s after cardiac arrest (below). Note the homogeneous distribution of glucose and pH in the control brain (a,b) in contrast to the marked regional differences present 20 s after cardiac arrest (c,d). The gradual decline in glucose from the cerebral cortex to the basal part of the ischemic brain was obviously the result of the time lag in freezing the basal parts of the brain. For quantification of density bar, see Table 1 .
above calibration methodology for the enzyme re agent block, it is now quantitative. It does not de pend on any mathematical or kinetic assumptions that may vary between different brain regions under different pathological conditions. In addition, the bioluminescent technique can be combined with other regional imaging techniques (Paschen et al., 1982 (Paschen et al., , 1983a (Paschen et al., , 1985 and be a useful adjunct in the interpretation of complex pathophysiological pro cesses.
